The aim of this study is to investigate whether different spatial perfusion-deficit patterns, which indicate differing compensatory mechanisms, can be recognized and used to predict recanalization success of intravenous fibrinolytic therapy in acute stroke patients. Twenty-seven acute stroke data sets acquired within 6 hours from symptom onset including diffusion-(DWI) and perfusion-weighted magnetic resonance (MR) imaging (PWI) were analyzed and dichotomized regarding recanalization outcome using time-of-flight follow-up data sets. The DWI data sets were used for calculation of apparent diffusion coefficient (ADC) maps and subsequent infarct core segmentation. A patient-individual three-dimensional (3D) shell model was generated based on the segmentation and used for spatial analysis of the ADC as well as cerebral blood volume (CBV), cerebral blood flow, time to peak (TTP), and mean transit time (MTT) parameters derived from PWI. Skewness, kurtosis, area under the curve, and slope were calculated for each parameter curve and used for classification (recanalized/nonrecanalized) using a LogitBoost Alternating Decision Tree (LAD Tree). The LAD tree optimization revealed that only ADC skewness, CBV kurtosis, and MTT kurtosis are required for best possible prediction of recanalization success with a precision of 85%. Our results suggest that the propensity for macrovascular recanalization after intravenous fibrinolytic therapy depends not only on clot properties but also on distal microvascular bed perfusion. The 3D approach for characterization of perfusion parameters seems promising for further research.
INTRODUCTION
Multiparametric magnetic resonance imaging (MRI) is nowadays widely established in the clinical routine for the diagnosis of acute ischemic stroke. Here, especially diffusion-weighted imaging (DWI) and perfusion-weighted imaging (PWI) are commonly used in acute ischemic stroke to identify the ischemic core and tissue-atrisk of infarction. [1] [2] [3] [4] The irreversible damaged brain tissue, which exhibits a severe diffusion restriction (DR), is typically identified in the apparent diffusion coefficient (ADC) map derived from DWI data sets. Perfusion-weighted imaging allows identifying hypoperfused tissue, which may be already infarcted or exhibit an increased risk for infarction. Therefore, the volumetric mismatch between the lesions identified in DWI and PWI data sets is typically assumed to represent the tissue-at-risk and therapeutic target. 5, 6 The area of perfusion deficit has been identified in multiple studies using different perfusion parameters such as prolonged mean transit time (MTT), prolonged time to peak (TTP), or a decrease in cerebral blood volume (CBV) and cerebral blood flow (CBF) together with different thresholds of these perfusion parameters. [7] [8] [9] However, previous studies showed that the severity of perfusion impairment is not consistent within the penumbra. [10] [11] [12] More precisely, there are different levels of perfusion impairment within the hypoperfused area of brain tissue indicating differing compensatory mechanisms resulting in altering tissue vulnerability and response to hypoperfusion, e.g., due to sufficiency of collateral circulation situation. 13 Nevertheless, therapy decisions still rely on the identification of ischemic core and penumbra by certain thresholds without considering the distribution of severity of perfusion impairment, i.e., regional differences or changes in severity of hypoperfusion throughout the ischemic region. Apart from this, it is known that recanalization of the occluded vessel after the administration of intravenous thrombolytic therapy is not successful in all patients. Success of reperfusion after the application of intravenous thrombolytic therapy may also depend on different variables such as the collateral situation and distribution of perfusion impairment and, thus, the pathway of the fibrinolytic agent throughout the infarct region, 13 and not only on absolute values of perfusion impairment as a measure of severity. A number of previous studies aimed at analyzing the ischemic region based on thresholds or visual inspection while the spatial anatomy of perfusion impairment has not attracted much attention yet. [14] [15] [16] The aim of this work is to analyze the spatial centrifugal distribution of diffusion and perfusion impairment from ischemic core into the periphery of the ischemic region using ADC values and different perfusion parameters. We hypothesized that different patterns of spatial distribution of the perfusion deficit distribution in the vicinity of the ischemic core can be recognized reflecting a different extent or possibly different mechanisms of compensatory collateral flow. We further hypothesize that successful recanalization after the administration of intravenous thrombolytic therapy is not only dependent on the absolute value of perfusion impairment but also on the spatial distribution of perfusion deficit within the irreversibly injured tissue and the tissue-at-risk of later infarction.
MATERIALS AND METHODS

Patients and Magnetic Resonance Imaging
From a database with 205 MRIs of acute stroke patients, acquired between 2006 and 2010, consecutive data sets were selected, which fulfilled the following criteria: complete MRI stroke protocol acquired within 6 hours of symptom onset (day 0), including DWI and PWI data sets, and a follow-up (FU) examination acquired within 1 day thereafter (day 1) including a timeof-flight (TOF) MR angiography for evaluation of recanalization.
To provide homogenous pathophysiological condition, only patients with occlusion and resulting acute cerebral ischemia in the territory of the middle cerebral artery (MCA) who were treated by intravenous thrombolytic therapy with recombinant tissue plasminogen activator were included in this study. The study was approved by the local Ethics Committee of the Ä rztekammer Hamburg and followed the Helsinki guidelines for Human experiments. Patients or their guardians provided written informed consent.
All MRI measurements were performed on a 1.5-T Sonata Scanner (Siemens, Erlangen, Germany). The PWI data sets were acquired after application of contrast agent (B15 mL of Bayer Magnevist) using a gradient-echo echo-planar-imaging sequence with repetition time ¼ 1,500 ms, TE ¼ 37 ms, flip angle ¼ 901, field of view ¼ 240 Â 240 mm 2 , matrix 256 Â 256, 18 slices, and 6.5 mm slice thickness.
A single-shot, spin-echo, echo-planar-imaging sequence with repetition time ¼ 2,600 ms, TE ¼ 77 ms, flip angle ¼ 901, field of view ¼ 240 Â 240 mm 2 , matrix 256 Â 256, 20 slices, and 6.5 mm slice thickness was used for DWI image acquisition using b values of 0, 500, and 1,000 s/mm 2 .
Single slab TOF MR angiography was obtained by a three-dimensional (3D) FISP sequence with venous saturation, MTS (magnetization transfer saturation) pulse and TONE-up pulse with repetition time ¼ 36 ms, TE ¼ 6 ms, flip angle ¼ 251, field of view ¼ 230 Â 170 mm 2 , matrix 512 Â 384, 72 slices, and 0.8 mm slice thickness.
Image Preparation
In a first step, the signal values S(t) of the raw PWI images were converted into concentration time curves C(t) in a voxelwise manner using the following equation:
where S 0 denotes the baseline MR signal intensity, TE the echo time, and k a proportionality constant. After conversion into concentration time curves, an arterial input function was selected from the contralateral unaffected MCA and used for calculation of perfusion parameter maps. Here, maps for different perfusion parameters including CBV, CBF, MTT, and TTP were calculated using the software given by the vendor (dynamic susceptibility contrast-MRI bolus tracking method; model-independent method singular value decomposition 17 ).
Furthermore, ADC images were calculated based on the three DWI images obtained for the different b values. For this purpose, a voxel-byvoxel least-squares fit of was employed
where S 0 describes the baseline signal.
A complete data set of an individual patient consisted of the ADC, MTT, TTP, CBV, and CBF maps as well as a TOF angiography at day 0 and day 1.
Perfusion maps were first registered intraindividually to the corresponding ADC map to assure an optimal 3D comparison of corresponding tissues between the modalities. Therefore, the first time point of the raw PWI data set was registered to the corresponding b ¼ 0 DWI data set by optimizing the rigid transformation j rigidPWI by maximization of the mutual information metric. In a second step, the b ¼ 0 DWI data set was registered to the 1-mm 3 Montreal Neurological Institute (MNI) brain atlas by optimizing the rigid transformation j affineDWI by maximization of the mutual information metric. After registration, the ADC parameter map was transformed for each patient to the MNI atlas using the affine transformation j affineDWI and a cubic interpolation. Likewise, the four calculated perfusion parameter maps were also transformed to the MNI brain atlas using a merged transformation j rigidPWI þ j affineDWI (rigid PWI and affine DWI transformation) and cubic interpolation.
The transformation to MNI space results not only in an interpolated (1 mm 3 ) isotropic spatial resolution of the parameter maps but also allows the definition of corresponding voxels in the ipsi-and contralateral hemisphere. This is required to obtain relative perfusion maps in terms of calculating the quotient: ipsilateral/contralateral (qCBF and qCBV) for CBF and CBV maps and the difference: ipsilateral-contralateral (dMTT and dTTP) in case of the MTT and TTP maps, which is necessary to correct for different perfusion properties in different brain tissues in the following analysis.
Time-Of-Flight Reading
The acute TOF and TOF of day 1 were independently rated with respect to recanalization by an experienced neuroradiologist applying the thrombolysis in cerebral infarction (TICI) perfusion categories. 18 Recanalization was defined as TOF at day 1 if there was recanalization with remaining mild stenosis or normal arterial caliber (TICI 2 and 3). In addition, patients were dichotomized according to recanalization information (i.e., nonrecanalized group (non-recan) ¼ TICI 0 and 1 and recanalized group (recan) ¼ TICI 2 and 3).
Region of Interest and Voxel of Interest Definition
After preprocessing, the area of decreased ADC (DR) was semiautomatically segmented in the ADC image sequence. Therefore, a seed point was manually placed in the lesion and applied for 3D volume growing using a fixed upper threshold of 550 Â 10 À 6 mm 2 /s. Manual correction of the resulting segmentation was performed hereafter in the orthogonal slices in case of leakage of the segmentation into noninfarct areas. In a second step, a brain segmentation method 19 adapted to ADC image sequences was performed for exclusion of noncerebral tissue. Finally, voxels representing cerebrospinal fluid (CSF) were segmented in the ADC image sequence using global lower threshold of 1,050 Â 10 À 6 mm 2 /s ( Figure 1 ). The brain mask was then refined by excluding voxels that were part of the CSF segmentation and mirrored CSF segmentation. The exclusion of voxels part of the mirrored CSF segmentation is necessary to prevent calculation of erroneous quotients (qCBV and qCBF) or differences (dMTT and dTTP) of the perfusion maps. Figure 1 . Apparent diffusion coefficient (ADC) map (left) and the corresponding segmentations with diffusion restriction (DR) lesion (red) and calculated three-dimensional (3D) shell model evolving around the ADC lesion (green).
The segmented lesion was then used for lesion volume quantification as well as for the analysis of perfusion and diffusion properties in the vicinity of the lesion in the style of the segment model proposed by Fiehler et al. 20 For this purpose, the Euclidean distance map was calculated based on the segmented lesion using the method proposed by Danielsson. 21 Using this approach, an image is generated assigning a value to every voxel representing the distance to the nearest segmented lesion voxel with the approximation to the Euclidean distance. This distance map was then used to calculate 15 concentric shells with a thickness of 4 mm with increasing distance to the stroke lesion using iterative thresholding. Finally, voxels that are located in the contralateral hemisphere were excluded from the shell model such that only voxels part of the ipsilateral hemisphere are analyzed in the following step ( Figure 1 ).
The shell model was built around the ischemic core defined by the thresholded area of DR. This approach was chosen since spatial changes in perfusion deficit due to a potential collateral circulation can be mainly expected in the vicinity of the ischemic core.
Statistics
This 3D shell model was then used for analysis of the ADC and relative perfusion values in terms of calculating an average value for each shell and parameter, whereas only voxels within the CSF-corrected brain segmentation were included for this measurement. Relative values for perfusion parameters were compared within each shell between recanalized and nonrecanalized group using Fisher's test. 22 Since the aim of this study was to analyze the spatial distribution of perfusion parameters in terms of curve characteristics instead of only using absolute values, the resulting curves of each parameter (ADC, qCBV, qCBF, dMTT, and dTTP) were then used for calculation of the corresponding skewness, kurtosis, area under the curve, and slope, which was approximated by linear regression, for each patient. For calculation of the higher order moments, the curves representing the average value for each shell with increasing distance to the infarct core were analyzed separately for each diffusion/perfusion parameter. These 20 statistical moment parameters together with the lesion volume were then employed for training and classification into one of the two groups (recanalized versus nonrecanalized) of the data sets using a LogitBoost Alternating Decision Tree (LAD Tree) classification. 23 Tenfold cross-validations were performed for evaluation of the classification precision. For selection of the parameters that have a positive influence on the classification results and are, therefore, really required, the cross-validation was performed repeatedly by removing parameters until the optimal subset was identified.
RESULTS
In total, 27 patient data sets fulfilled the inclusion criteria. The mean patient age was 66±13 years (mean±s.d.), and ages ranged from 38 to 83 years. The right hemisphere was affected in 12 patients while 15 patients showed an infarction in the left hemisphere. The interval between symptom onset and acute MRI was 166±77 minutes (mean±s.d.).
In the evaluation of MR angiography data, occlusion of the MCA trunk was seen in 18 patients, occlusion of the MCA trifurcation was seen in 4 patients, and occlusion of an MCA branch in 5 patients (Table 1) .
Follow-up TOF showed recanalization in 16 patients, while no successful recanalization was observed in 11 patients (Table 1) . More precisely, 8 patients showed no recanalization (TICI 0), 3 patients showed minimal recanalization (TICI 1) in FU TOF, while 4 patients presented with partial (TICI 2), and 12 patients with full recanalization (TICI 3) in FU TOF scan. In our patient group, successful recanalization was not dependent on occlusion type or time from symptom onset.
Apparent Diffusion Coefficient
Mean ADC values for both patient groups showed an overall increase from center to periphery of the infarct lesion, reaching a plateau in the recanalized group in the third shell and in the nonrecanalized group more peripherally in the fifth shell. Apparent diffusion coefficient values in both groups presented a rather steep increase within the first two shells and then further but less steep increase up to segment nine and ten, respectively. There was no significant difference in absolute ADC values between both groups within any of the shells (Figures 2E and 2F ).
Mean Transit Time
In comparison, mean dMTT values showed a clear increase in the first two shells with maximum difference of 4.5 seconds in shell 2 and then decreased almost linearly toward the periphery with each shell. Both groups reached the dMTT maximum difference in shell 2 but patients with no recanalization presented a steeper increase within the first two shells and reached a lower maximum of 5.25 seconds in comparison with the maximum of the recanalized group with 4.7 seconds ( Figures 2C and 2F ). With increasing distance from the ischemic core both groups showed a similar continuous, almost linear decrease in dMTT values while the curve of the nonrecanalized group showed a slightly steeper decrease between shells 2 and 7 after reaching the maximum dMTT value. When comparing both groups, mean dMTT values in recanalization group were above those derived from nonrecanalization group within the first two shells, distal dMTT values in recanalization group appeared higher than in nonrecanalization group in all segments, nevertheless the difference was not significant.
Time to Peak
The dTTP values for both groups were highest within the inner shells, without significant difference between groups and then showed a continuous, almost parallel decrease with each segment toward the periphery for both groups (Figures 2D and 2F) .
Cerebral Blood Volume
Distribution and magnitude of qCBV values for both groups was almost identical within the first three shells. In more outer shells, recanalized group values were slightly above values in the Patients age (mean and standard deviation (s.d.)), sex, infarct side, time from symptom onset (mean and s.d.), and vessel occlusion site in media cerebral artery (MCA) territory (trunk, trifurcation, and branch) for recanalized (recan) and nonrecanalized (non-recan) group.
Spatial distribution of perfusion abnormality S Siemonsen et al nonrecanalized group in most segments, but without significant difference of absolute values in any shells (Figures 2A and 2F) .
Cerebral Blood Flow
The qCBF values in both groups were lowest closest to the ischemic core and presented a rather steep increase within the first three shells, which was steeper in the nonrecanalized group in comparison with the slope of the recanalized group curve in these segments. The values in both groups showed a slighter but continuous increase until they reached a plateau at shell 14. In all shells, recanalized group values were slightly above nonrecanalized group values but also without significant differences in relative values ( Figures 2B and 2F ).
Comparison of Spatial Distribution of Perfusion Parameter Mean Values
Absolute ADC values were decreased in the vicinity of the ischemic core and increased rather steeply to the periphery within the first shells while TTP and MTT delay was decreasing slowly from ischemic core toward the periphery. Cerebral blood volume values were markedly decreased closely to the ischemic core correlating with the region of severe ADC decrease but showed a continuous increase toward the periphery and, in comparison with CBF, even further above normal values, reaching values up to 1.8 times higher than those values derived from the unaffected hemisphere. Cerebral blood flow values also increased from ischemic core to periphery but reached normal values in more peripheral shells compared with CBV and ADC ( Figure 2F ).
Analysis of Relative Values
When comparing values for ADC, dTTP, dMTT, qCBV, and qCBV between recanalized and nonrecanalized group there was no significant difference found for any of the shells.
LogitBoost Alternating Decision Tree Classification
The evaluation of the 21 parameters initially used for LAD Tree classification by repeatedly removing parameters from the classification revealed that only 3 parameters were required for the best possible prediction of a successful recanalization. These parameters were ADC skewness, qCBV kurtosis, and dMTT kurtosis ( Table 2 ). The tenfold cross-validation using these parameters revealed that the LAD Tree classification was able to predict a successful recanalization with a mean precision of 85% (22 of the 26 data sets were correctly classified). The incorrectly classified data sets could be separated into two false positives and two false negatives such that the classification was able to predict a recanalization with a sensitivity of 0.82 and a specificity of 0.87. Absolute values for recanalized and nonrecanalized group for ADC skewness, CBV kurtosis, and MTT kurtosis are displayed in Table 2 .
DISCUSSION
It is known that the area of perfusion deficit in acute ischemic stroke consists of inhomogeneous degree of perfusion impairment with resulting differing hemodynamic and metabolic responses throughout the area of hypoperfusion. A recent study suggested that a normalized index derived from Tmax maps calculated from MR-PWI data might be a predictor of full MCA-M1 recanalization in patients treated with IV thrombolysis. 24 Nevertheless, PET studies have shown that there are differences regarding the stages of compensation throughout the whole area that is generally defined as ischemic penumbra by the PWI-DWI mismatch criterion. 25 Until now, these regional differences are not taken into account in most studies when analyzing the penumbra and only minor attention has been devoted to the distribution of perfusion impairment rather than to the mere severity measured by absolute or relative values in perfusion parameter maps. We chose a different approach in this study and analyzed the area of hypoperfusion in the area of perfusion-diffusion mismatch surrounding the ischemic core as a three-dimensional shell model to account for regional changes in hypoperfusion and DR.
Absolute ADC values were decreased in the vicinity of the ischemic core and increased rather steeply to the periphery within the first shells. This behavior of ADC values is in concordance with other studies that showed comparably low ADC values within the ischemic core, which increases slightly toward the ADC lesion boundaries. 1, 26, 27 In line with reports from other studies, we also found a decreasing TTP and MTT delay from ischemic core toward the periphery, representing severe hypoperfusion in penumbral region close to the ischemic core in contrast to areas of benign oligemia in the periphery. 2, 11, 28 Cerebral blood volume values were markedly decreased closely to the ischemic core represented by the region of severe ADC decrease but showed a continuous increase toward the periphery and even further above normal values, reaching values up to 1.8 times higher than those values derived from the unaffected hemisphere. Therefore, in comparison with CBF, in our study CBV values seemed to increase even further toward the periphery. These observations are also in line with other studies reporting increased CBV values within the penumbra and oligemia zone 29 and decreased CBV values slightly exceeding the ADC lesion in the hyperacute phase within the ischemic core. 27, 30, 31 These elevated CBV values in the ischemic penumbra are known from PET studies to show decreased cerebral perfusion pressure producing vasodilation, especially in tissue supplied by collateral flow and therefore an compensatory increase in the CBV to maintain constant CBF and OEF (oxygen extraction fraction) in early stages of ischemia. 29, 32, 33 These parameters represent autoregulatory vasodilatation and collateral circulation playing an important role in maintaining the viability of ischemic tissue. 34, 35 Nevertheless, if cerebral perfusion pressure further decreases, then the compensatory vasodilation reaches maximum and CBF begins to decrease, which seems to be the case toward the infarct center. The relative values for CBV and CBF measured in the ischemic core are in concordance with those reported from other studies. 29, 36 In our study, CBF values also increased from ischemic core to periphery and reached normal values in more peripheral shells compared with CBV and ADC. The CBF increase in the periphery may be also ascribed to compensatory mechanisms and increased flow in small vessels. These findings are also in line with other studies reporting the area of CBF decrease to exceed the area of CBV and ADC decrease. 37 The extent of the penumbra as well as the vulnerability of brain tissue to infarction in case of persistent vessel occlusion or with successful recanalization depends on many factors.
In MR perfusion imaging of stroke patients, the imaging technique mainly relies on the passage of contrast medium through the brain via collateral pathways in case of vessel occlusion and reflects characteristics of both the macrocirculation and the microcirculation. Therefore, calculated perfusion parameters like TTP, MTT, CBV, and CBF indirectly represent the status of the collateral situation. However, the definition of absolute thresholds for effective versus ineffective collateral perfusion is critical, because they are time dependent, shows an interindividual variability, and can be altered by treatment. 12 However, it is known that the response to thrombolytic therapy is strongly related to the presence or absence of collateral flow. 38 Within this study we, therefore, aimed to test whether the spatial distribution of perfusion and diffusion parameters might help to identify patients with higher chances of successful treatment and with this predict recanalization. Our results suggest that not absolute values but certain curve characteristics of ADC, MTT, and CBV might have an influence on chance of recanalization. In addition, we did not find significant differences in relative values of perfusion parameters between the two groups. According to our results, recanalization showed a dependency on spatial distribution of different perfusion parameters, such as CBV kurtosis and MTT kurtosis, rather than on absolute values.
Mean transit time kurtosis is a parameter indicating the 'bulging' of the MTT curve, representing the distribution of this parameter from infarct center toward the periphery. Higher MTT kurtosis might therefore indicate that the area of most severe prolongation of MTT is spatially more concentrated and, therefore, restricted to a smaller area (fewer shells) surrounding the ischemic core, even with higher absolute MTT values. These parameter characteristics might be pathophysiologically related to a longer possible contact time of thrombolytic agent with the thrombus resulting in higher chances of dissolving the clot. In addition, a prolonged MTT in the vicinity of the ischemic core and throughout the periphery might be indicative of less adverse pressure giving higher chances for clot fragments in the periphery to dissolve. In contrast to this finding, CBV kurtosis was lower in recanalizing patients, who showed overall higher CBV values, indicating a positive effect of wider distribution of CBV values and overall higher values corresponding to more effective collateral supply. Furthermore, ADC skewness, representing the asymmetry of the spatial distribution of this parameter, indicated a continuous increase in ADC values from lowest values within the lesion center toward the periphery already beginning in the first shells. In comparison, a lower ADC skewness indicated a similar increase in ADC values but starting more peripheral and with a much steeper slope. Pathophysiologically, these curve characteristics represent a positive effect of a slight but continuous increase in ADC values already closely to the ischemic core, which is also an indirect indicator of sufficient collateral circulation limiting lowest ADC values only to the ischemic core. Nevertheless, the optimal prediction of recanalization within the LAD tree classification was only possible considering a combination of all three parameter characteristics.
An explanation for these findings might be that the collateral circulation is a critical determinant of cerebral perfusion pressure in acute cerebral ischemia. The hemodynamic effects of the collateral circulation may be important in maintaining perfusion to penumbral regions, but these collateral vessels may also facilitate clearance of fragmented thrombus from more proximal locations. 39, 40 Previous findings suggest that intracerebral clots dissolve spontaneously in a relatively short period of time, but that fragments formed from the clot may obstruct more distal blood vessels. 39 It is, therefore, more likely that clot fragments accumulate and stay in arteries with lower blood flow and poor collateral perfusion, where they continue to cause ischemia for a longer duration. Also, distal fragmentation of a thrombus within the parent vessel may occlude distal branches supplying retrograde collateral flow from cortical arteries. These changes might be represented by spatial distribution of perfusion and diffusion parameters. Successful recanalization is not only dependent on the mere administration of tissue plasminogen activator but might also depend on the supply of collateral vasculature and, therefore, the amount of thrombolytic agent that reaches the thrombus not only via the regular pathway but also from the opposite side of the thrombus. Thus, the propensity for macrovascular recanalization seems to be dependent not only on the clot properties but also on perfusion conditions in the distal microvascular bed.
A limitation of our study is that the model we applied measured values of different perfusion parameters in a three-dimensional model surrounding the ischemic core represented by the area of severest ADC decrease. Nevertheless, the ADC lesion does not necessarily need to be in the middle of the infarct or hypoperfused area. Therefore, values surrounding the ADC lesion are mean values over all shells within a segment. Accordingly, parameter values might still be different on one side of the ADC lesion versus the opposite side. In addition to this, shells around the ischemic core or as represented by the ADC lesion do not follow the extent of the perfusion deficit, which does not evolve in a symmetric shelllike model around the ischemic core. Nevertheless, vessel occlusion in one territory also affects the adjacent brain regions due to collaterals circulation and we find this method a promising approach to determine perfusion changes in the vicinity of the ischemic core and throughout the affected hemisphere.
Moreover, acute ischemic stroke is a dynamic process, but the perfusion measurements studied here represent only one single time point, while patients were studied at different time points from symptom onset, even though all patients were scanned within a 6-hour time window. Therefore, with our data it is not possible to detect slight and very early changes within the first 6 hours. Our data represent an average for patients within the first 6 hours after symptom onset in the acute period. Therefore, for each patient only one data set from a single time point is available even though a dynamic process was evaluated. Nevertheless, it would be impossible to scan patients successively within the early acute stroke phase. Another limitation of our study is that in patients with recanalization, the exact time point of recanalization is unknown since vessel occlusion status was not assessed or monitored continuously by any means but rather late after 24 hours.
The classification model used in this study requires the previous calculation of higher order moments (skewness and kurtosis) based on the diffusion and perfusion parameter curves. Due to the fact that higher order moments are known to be sensitive to noise, we also evaluated the classification accuracy of the proposed model after adding 10% Gaussian distributed noise to the parameter maps before postprocessing. The result of this was that 85% of the patients are still classified correctly with the same false positives and false negatives. This finding can be ascribed to the fact that numerous voxels are used for calculation of an average shell value such that systematic noise contributions are averaged out.
Another limitation of this study is that the 3D shell model is defined by the distance to the infarct core regardless of the direction. However, the PWI and DWI data sets used in this study are acquired with a slice thickness of 6.5 mm and in-plane spatial resolution of 0.94 mm 2 . Thus, the actual location of the slices may also influence the parameter curves due to the comparable larger slice thickness. This limitation was partly solved in this work by the registration of the parameter maps to the 1-mm 3 MNI brain atlas using a cubic interpolation. However, the interpolation result may still not display an optimal representation of the reality.
Even though our findings are based on differences in curve shape evaluated by a classification algorithm while there was no significant difference when comparing the absolute values of ADC skewness and MTT kurtosis. Still, there is a clear tendency of absolute difference visible in the curve plots when comparing recanalization and nonrecanalization groups. Nevertheless, the main goal of this study was to develop a geometrical model that could predict recanalization by only including parameters describing curve characteristics instead of relying on absolute values derived from perfusion and diffusion data. Therefore even though the interpretation of our data is only preliminary and certainly needs further study, the 3D approach for evaluation of perfusion parameters in ischemic stroke seems promising.
SUMMARY
Our results suggest that patients with and without later recanalization of the same large artery occlusion site exhibit different spatial distributions of microvascular perfusion impairment and DR from ischemic core to periphery. The propensity for macrovascular recanalization after intravenous fibrinolytic therapy seems to be dependent not only on clot properties but also on perfusion conditions in the distal microvascular bed. The 3D approach for characterization perfusion parameters as used in this paper seems promising for further research.
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